In this study, a potentiometric titration was performed to investigate the surface acid-base properties of Pseudomonas pseudoalcaligenes isolated from activated sludge. Batch sorption as a function of pH was performed to explain the sorption behaviour of Cu(II) and Pb(II) ions onto the bacterial surface. The surface complexation approach in the frame of constant capacitance model was applied to determine the deprotonation constants, site concentrations and metal stability constants for the important surface-functional groups on the biomass. The optimized results showed that the three discrete sites-three pK a s model, involving three distinct types of functional groups, namely, carboxyl, phosphate and hydroxyl, could actually fit the protonation of the bacterial functional groups, with average pK a values of 4.18, 6.31 and 9.18, and site concentrations of 0.526, 0.525 and 0.478 mmol/g, respectively. The two sites model provided the best fit for the biosorption of Cu(II) and Pb(II) ions onto the biomass by forming complexes with carboxyl and phosphate surface sites, with average log stability constants of 5.95 and 6.94 for Cu(II), and 6.64 and 8.08 for Pb(II), respectively. These results suggested that the surface complexation model yielded the accurate prediction for the biosorption behaviour of Cu(II) and Pb(II) ions on the bacterial biomass and the affinity of P. pseudoalcaligenes biomass for the adsorption of Cu(II) and Pb(II) ions was high enough to remove the metal ions from water.
INTRODUCTION
Heavy metal contamination is an important environmental issue because of its toxic effects, poor degradability and bioaccumulation of heavy metals (Naja and Volesky 2009; Srivastava and Goyal 2010) . Metal speciation in both natural water and industrial wastewater is critical for predicting the mobility of ions and their impact on eco-environmental systems. As important metalcomplexing agents, bacteria exhibit a high affinity towards metals owing to a variety of surface organic functional groups present on their cell walls.
It is a well-known fact that bacterial cell walls are mainly composed of polysaccharides, proteins and lipids that contain distinct surface organic functional groups such as amino, carboxylic, phosphate, hydroxyl sites (van der Wal et al. 1997; Pan et al. 2006 Pan et al. , 2007 . The main binding mechanisms of metal ions by different types of biomass involve complex formation, ion *Author to whom all correspondence should be addressed. E-mail: liurx_2000@yahoo.com (R. Liu) exchange, electrostatic attraction and inorganic micro-precipitation (Akthar et al. 1996; Bueno et al. 2008; Amirnia et al. 2012) . Several studies have addressed the development of suitable mechanistic models to describe these surface reactions and explain biosorption Yee and Fein 2001; Borrok et al. 2004a; Ginn and Fein 2008; Pabst et al. 2010; Kenney and Fein 2011; Moon and Peacock 2011; Amirnia et al. 2012) . The empirical approaches based on distribution coefficients or semi-empirical Langmuir or Freundlich isotherms have been often used to describe metal sorption behaviour between solutions and solid substrates. Although these provide a direct measurement of sorption ability, the empirical or semi-empirical approach, depending on solution and substrate composition, cannot be applied outside of the specific parameters. Furthermore, the distribution approach does not consider the mass balance value, which misleads the prediction of metal speciation and mobility, and Langmuir or Freundlich isotherms does not account for the development of electrical charge at solid surfaces and the structure of adsorbed species (Koretsky 2000; Bethke and Brady 2002) . In contrast, thermodynamically based surface complexation models (SCMs) provide explicit molecular descriptions of metal sorption using an equilibrium approach that defines surface species, chemical reactions, mass balances and charge balances. These models have a significant advantage over empirical or semi-empirical models; for example, once calibrated, they provide an accurate prediction of metal speciation under varying solution compositions (e.g. ionic strength, background electrolyte, competing ions).
Based on a set of molecular-scale thermodynamic reactions, SCMs have effectively been described to bind protons and metal ions onto various bacterial surfaces, including Bacillus subtilis Fein and Delea 1999; Ginn and Fein 2009; Mishra et al. 2010; Moon and Peacock 2011) , Bacillus licheniformis (Daughney and Fein 1998; Fowle et al. 2000) and Arthrobacter sp. (Pagnanelli et al. 2000) . In addition, a number of investigations have reported similarities between bacterial species in their deprotonation and metal sorption behaviour. Yee and Fein (2001) suggested that a wide range of bacteria with Gram-positive and Gram-negative species exhibited similar proton-and Cd-binding behaviour and that a single set of stability constants of proton-and Cd-bacterial complexes was obtained using SCMs. By testing proton and Cd binding to the eight different consortia of bacteria grown from uncontaminated soil and water systems, Borrok et al. (2004b) observed similar affinities for proton and Cd towards all of the consortia, and the sorption behaviour was successfully modelled using a single set of stability constants. The universal bacterial sorption behaviour has also been supported by subsequent investigations with much larger range of bacteria grown from three natural water and soil locations (Johnson et al. 2007) , as well as under extreme conditions including low and high pH values for Cd sorption (Kenney and Fein 2011) . Although a number of bacterial species with large diversity exhibited broadly similar sorption behaviour, there were some indications that not all bacteria displayed the similar metal sorption behaviour. For example, the acidophilic species Acidiphilium angustum showed anomalous sorption behaviour to Pb and Cd, suggesting that the habitat of a species might significantly affect the cell wall functional group chemistry (Ginn and Fein 2008) . The bacterial consortia from contaminated sites demonstrated significant enhancement in Cd sorption capacities compared with those grown from uncontaminated environment (Borrok et al. 2004c ). An investigation of an archaea cell, Thermococcus zilligii, binding metals showed significantly less Cd adsorption capability than most bacteria (Daughney et al. 2010) .
Therefore, more experimental evidences are still needed to supplement our present knowledge of metal sorption properties onto the bacterial biomass from diverse locations. A primary study indicated that Pseudomonas pseudoalcaligenes isolated from activated sludge exhibited a maximum adsorption capacity of 26 and 232 mg/g dry cells at pH 5 for Cu(II) and Pb(II) ions, respectively. The objective of this work was to use a molecular mechanics approach, SCMs, to yield the thermodynamic model parameters through acid-base titrations and Cu(II) and Pb(II) sorption onto P. pseudoalcaligenes biomass to describe and predict the biosorption behaviour of Cu(II) and Pb(II) by the bacterial biomass.
MATERIALS AND METHODS

Chemicals and Reagents
All chemicals in this study were of analytical-reagent grade or better (Beijing Chemical), and distilled deionized (DDI) water was used throughout. Standard metal ion solutions (1000 mg/l) were provided by the Central Iron and Steel Research Institute, Ministry of Metallurgical Industry, China. Stock solutions of Cu(II) and Pb(II) were prepared by dissolving appropriate quantities of Cu(NO 3 ) 2 ·3H 2 O and Pb(NO 3 ) 2 in DDI water with a small amount of concentrated HNO 3 . A solution of NaNO 3 was used as the background electrolyte.
Growth of Bacteria
The bacterial species used in this study was aerobic Gram-negative P. pseudoalcaligenes, isolated from activated sludge collected at Donggang Wastewater Treatment Plants in the Hebei Province of China. The plated colony was transferred from agar plate to 1 l of nutrient broth and incubated for 72 hours using the following conditions: pH 7.2-7.5, temperature 30 °C, stirring speed 250 rpm and air-flow rate 6.0 l/minute. The bacteria were then removed from nutrient medium by centrifuging the broth at 7000 rpm for 30 minutes. The supernatant was poured off, and the bacteria were re-suspended in DDI water and rinsed five times. The biomass was freeze-dried at -50 °C with reduced pressure for more than 24 hours using a freeze dryer (ALPHA 1-2 LD, Germany, CHRIST).
Electron Microscopic and Infrared Spectroscopic Analysis of Bacteria
The biomass sample was resuspended in DDI water. The suspension was collected and dropped on the sheet glass. The bacterial cells on the supports were dried in an oven at 45 °C for approximately 4 hours, and then fixed on an aluminium stub. Gold coating was imitated using a Polaron SC502 Sputter Coater. Specimens were imaged using Stereoscan 440 scanning electron microscope (SEM). The dried bacteria were mixed and ground with KBr (SPECTRANAL) in an agate mortar. The translucent discs were prepared by pressing the ground material using an 8-tonne pressure bench press. The infrared (IR) spectra of bacterial cells were measured using Fourier transform infrared spectrometer (Thermo Nicolet, Nexus 670).
Potentiometric Titration of Biomass
The acid-base titration of the bacterial cells was conducted using an automated potentiometric titrator (Metrohm 716 DMS autotitrator) with a glass combination electrode for the pH measurements. A known amount of bacterial stock suspension (3 g/l) was placed into a 250-ml flask, and 1 mol/l NaNO 3 (background electrolyte) was used to buffer system ionic strength. A total batch volume of 100 ml was made up by adding DDI water. The suspension was stirred magnetically and continually purged with N 2 gas for 60 minutes to remove dissolved CO 2 . Small aliquots of 0.1 mol/l HNO 3 were added to the suspension at the beginning of experiment to lower the pH to approximately 3. The cell suspension is allowed to equilibrate for 30 minutes, and then the back titration in an up-pH direction was conducted by adding 0.05212 mol/l NaOH in 0.1-ml increasing values to push the pH up to 10.50. For each titration, N 2 gas was bubbled throughout the experiment and a stability of 1 mV/minute was obtained before adding the next aliquot of the titrant. All titrations were performed in a temperature-controlled room at 20 ± 2 °C. A blank titration of background electrolyte without bacterial cells was performed under the same conditions, which was treated as the sample.
Total Surface-Site Concentration and Acidity Constant
In situ Gran plot method has been used to determine the standard electrode potential and the volume of titrant added at the equivalence point for various potentiometric titrations of suspension systems, to calibrate zero titration point (ZTP) and to calculate total surface-site concentration (H s ) (Du et al. 1997; Pan et al. 2007 ). In the hydroxide back titration, the Gran plots were obtained by plotting Gran function (G) against the volume of NaOH solution added (V b ), which is shown in equations (1) and (2) Acidic side:
(1)
( 2) where V 0 is the initial volume of suspension (ml), V at is the total volume of HNO 3 solution added (ml) and E is the electric potential of glass electrode (mV). During the hydroxide back titration, the NaOH added is involved in three steps: the acid-base neutralization with excess H + in solution before the first equivalence point is reached (V e1 , the so-called ZTP of suspension system), successive interfacial interaction with various protonated sites on the biomass between V e1 and the second equivalence point (V e2 ), and the contribution to increasing pH value of suspension system after reaching V e2 . Both equivalence points (V e1 and V e2 ) were deduced by the linear regression analysis of Gran plots in acidic and basic regions.
For each titration point, the total concentration of added protons (TOTH) was estimated according to equation (3) as follows:
where C b is the concentration of the NaOH solution added. The calibrated titration data sets of TOTH versus pH were used in the format of input data for FITEQL programme to calculate the surface acidity constants. Based on the reaction of OH -added with the biomass surface, occurring between V e1 and V e2 , the H s of bacterial cells could be calculated using the following equation:
Metal Biosorption Experiment
Batch adsorption experiments were conducted as a function of pH, using polypropylene centrifuge tubes as reaction vessels. Freeze-dried bacteria were suspended in 1 mol/l NaNO 3 electrolyte, and aqueous Cu(II) and Pb(II) standard was respectively added to the bacterial/electrolyte solution to produce known bacterial and metal concentration of parent suspensions. Each bacterial/metal suspension was divided into multiple reaction vessels; the initial pH of each suspension was adjusted to the desired value by adding small amounts of either 0.1 mol/l HNO 3 or NaOH solutions. The control experiment without biomass was performed at a pH range of 3-7, showing that neither Cu(II) nor Pb(II) precipitation occurred over this pH range. The test tubes were equilibrated by shaking for 4 hours at 25 °C. Metal sorption kinetics experiments demonstrated that a period of 4 hours was sufficient for the sorption equilibrium to occur. After equilibration, the final pH of each system was measured. The supernatants were collected and analyzed for Cu(II) and Pb(II) concentrations using atomic absorption spectrophotometer (AAS; Hitachi, Z-6100).
RESULTS AND DISCUSSION
Characteristics of Bacteria
An SEM image of P. pseudoalcaligenes cell is shown in Figure 1 . The cell is rod-shaped, with a diameter of approximately 0.6 mm and length of approximately 1.6 µm. It is also noticed that some cells are adhered together. This phenomenon may be explained as an adhesion of the extracellular slime layer that covers the outer surface of the P. pseudoalcaligenes cell. According to the cell geometry, the surface area of the microbial species is estimated to be 100 m 2 /g cells. The types of adsorption sites available on the bacterial surface include carboxylic, phosphoric, phosphodiester, amino and hydroxyl groups (van der Wal et al. 1997; Pan et al. 2006 Pan et al. , 2007 . There can be a significant overall variability in the relative numbers of these surface sites. This variability is controlled by several factors, such as difference in cell wall structure, the inherent heterogeneity of the bacterial cell wall and the composition of solution. The IR spectrum of P. pseudoalcaligenes biomass is shown in Figure 2 . There is a broad band between 3500 and 3200 cm -1
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, which is due to -OH stretching vibration. The stretching vibration of -NH groups located at 3296 cm -1 is also observed. The peaks at 2959 and 2928 cm -1 are indicators of antisymmetric -CH 3 and -CH 2 stretching vibration. The typical amide I band, corresponding to the strong C=O stretching vibration, is located at 1650 cm -1 . The vibration mode at 1539 cm -1 (amide II) contributes to a combination motion of both the -NH bending mode and the -CN stretching vibration of -C(=O)-NH-group in its trans-form, which appears as a shoulder of the strong C=O stretching vibration, with a moderate to strong intensity. The weak peak observed around 1455 cm -1 is due to -CH 2 scissoring or -CH 3 anti-symmetrical bending vibration. The third typical amide band (amide III) is located at 1397 cm -1 , which is, in general, overlapped with the C(=O)O -symmetric stretching vibration of the carboxylate group. The vibration mode at 1236 cm -1 with the moderate intensity is likely attributed to the C(=O)O -stretching vibration coupled with the -OH in-plane deformation, P=O and/or C=S stretching vibration. The peak at 1082 cm -1 is possibly attributed to the C-N stretching vibration of amine groups, the P-O-C group and/or the glucose ring vibration. Therefore, P. pseudoalcaligenes biomass contains carboxyl or thiocarbonyl, phosphate, amino and amide groups.
The surface charge of a solid depends on potential-determining ions, e.g. H + and OH -, and ionic strength. The point of zero charge (PZC), one of the most important parameters used to describe variable-charge surfaces, is the pH where the net adsorption of H + and OH -ions is independent of the concentration of the electrolyte. The surface charges of P. pseudoalcaligenes biomass at different pH values and ionic strengths are calculated based on equation (5) using the titration data as follows:
where N sample or N blank is the amount of proton added in sample or blank systems (mol); W is the amount of bacterial biomass (g). The dependence of the surface charge of the biomass on pH value is shown in Figure 3 . The PZC of 3.2 is obtained from a common intersection point of the three titration curves at different ionic strengths. 
Surface Proton Reaction Models of Bacteria
The acid-base titration data are presented by plotting TOTH (in mol/l) against pH value, as shown in Figure 4 . Because of the presence of proton-active functional groups, P. pseudoalcaligenes cells exhibit somewhat proton buffering over the entire pH range compared with the blank titration result of background electrolyte (data not shown). The similar buffering capacities across the pH range studied are observed for the biomass in 0.001, 0.01 and 0.1 mol/l NaNO 3 solution, respectively; this subtle effect of background electrolyte concentration on the cell surface acid-base behaviour is possibly attributed to the strong binding bond between protons and the bacterial surface functional groups.
For the purpose of modelling, the constant capacitance model (CCM) was used to describe the proton reaction and metal sorption onto the bacterial surface. CCM is based on the following assumptions: (1) all specifically adsorbed ions occupy one surface plane, all surface complexes are inner-sphere aqueous complexes and the background electrolyte is considered to be inert with respect to the surface; (2) the charge-potential relationship is described as follows:
where C is the capacitance of the solid-water interface, σ 0 is the surface charge, the net proton charge plus the inner-sphere complexes charge, and ψ 0 is the corresponding potential; (3) the CCM requires different sets of surface equilibrium constants for each particular ionic strength. In the model calculations, C, H s and the optimized acidity constants were arranged as adjustable parameters; the computer speciation programme FITEQL 2.0 was applied to optimize the parameters by inputting different specific C values until the best fit was achieved. The value of overall variance, V(y), between the experimental data and model calculation was an indicator of the goodness of fit with V(y) = 1 representing the perfect fit to the data. The surface area of the microbial species was estimated to be 100 m 2 /g cells based on cell geometry. In spite of a considerable uncertainty for this estimate, an alteration of the surface area between 50 and 300 m 2 /g caused less than 5% variation on the deprotonation constants and surface sites concentration. Therefore, this error from the uncertainty of surface area may be neglected Daughney and Fein 1998) .
The acid-base properties of the P. pseudoalcaligenes cells can be expressed by the sequential protonation and deprotonation reactions of the functional groups, e.g. active carboxyl, phosphate, hydroxyl and amino or amide, presented on the cell wall. Although the acid-base reactions are accompanied by the release of cations included in the biomass, the ion-exchange reaction between protons and cations occurring at surface-functional groups can be neglected in the whole range of pH value as the concentration of the released cations is much lower than that of background electrolyte. To simulate the acid-base reaction of P. pseudoalcaligenes cells, three surface proton reaction models are proposed to determine the surface acidity constants (K a s).
One site-two pK a s model
The IR results show that P. pseudoalcaligenes cells contain acidic functional groups, e.g. carboxyl, phosphate and hydroxyl, as well as basic functional groups such as amino groups, and thus the amphoteric interface of cell walls can be suggested. In addition, assuming that the amphoteric interface is homogenous, both protonation and deprotonation reactions occurring at the amphoteric cell surface can be simplified by the following reactions (7) and (8):
where 'ϵR' represents the bacterial cell wall.
One site-one pK a model
One main surface functional group such as carboxyl is proposed to be the dominant active site in this model despite chemical component complexity of P. pseudoalcaligenes cells; these surface sites are assumed to be homogeneous. The surface deprotonation reaction of the active sites is expressed as follows to present the negatively charged surface site:
Two sites-two pK a s model
This is a modified model by introducing a phosphate group into the one site-one pK a model. In this model, the active sites of the biomass surface are heterogeneous and two distinct types of surface functional groups with different affinities are taken into account. The deprotonation reactions of these sites are described by reactions (10) and (11) as follows:
Three sites-three pK a s model
In this model, three distinct acidic functional groups, e.g. carboxyl, phosphate and hydroxyl are considered to be active sites with heterogeneous interface. Three deprotonation reactions are expressed as follows:
The model calculation results for the surface acidity constants and the site concentration of different biomass systems are shown in Table 1 . Within four models, the average V(y) values for different experimental systems calculated by one site-two pK a s, one site-one pK a , two sites-two pK a s, three sites-three pK a models are 24.8, 60.7, 56.1 and 12.7, respectively. A significant improvement in the V(y) values is observed with each acidic functional group considered to the minimum (in the range from 9.4 to 15.2) for three sites-three pK a s model, indicating an excellent correlation between the modelling and experimental data. The calculation results of the one site-two pK a model reasonably match with the experimental data using V(y) values from 16.3 to 36.3. The irrational description of experimental data, however, by one site-one pK a and two sites-two pK a s models is mainly due to the model assumption that only takes into account partially binding functional groups.
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There is little variability in pK a s and H s values within different electrolyte concentration for each model calculation, indicating the slight impact on the proton-binding behaviour of P. pseudoalcaligenes biomass by changing ion strength, which is in agreement with the results suggested in the previous studies (Borrok and Fein 2005; Cho et al. 2011) , where they reported that the effect of ionic strength on the proton-binding constants and site concentrations of Gram negative bacteria and live and dried yeast Rhodotorula glutinis cells could be negligible over a broad range of ionic strength. The averaged surface acidity constants of P. pseudoalcaligenes biomass, pK a s, over four titration systems for the best-fit model, three sites-three pK a s model, are 4.18, 6.31 and 9.18, respectively, which correspond to three distinct types of surface organic acid functional groups with the first and third pK a values in the range of typical deprotonation constants for short-chained carboxylic (4 < pK a < 6) and hydroxyl (or phenolic) acids (9 < pK a < 11). Conclusively, the three pK a values determined for P. pseudoalcaligenes are likely associated with carboxyl, phosphate and hydroxyl sites that are present on the cell wall surface, evidenced by IR measurement. These results are similar to those obtained by Fein et al. (1997) and Plette et al. (1995) who reported pK a values of 4.82, 6.9 and 9.4 for B. subtilis and 4.62, 7.83 and 9.96 for Rhodococcus erythropolis cells.
Metal Biosorption
The sorption capacity is a parameter assessing the affinity of the biomass for metal ions. The maximum biosorption capacities of Cu(II) and Pb(II) onto P. pseudoalcaligenes cell reach 0.443 and 1.12 mmol/g dry cells, respectively, at pH 5. The most common adsorbents for heavy metals are ionexchange resins, either synthetic or natural solid resin that are effective to remove metals, such as cation-exchange resin Purolite C100 and clinoptilolite ion-exchange resin with adsorption capacities between 0.04 and 1.4 mmol/g for Cu(II) and Pb(II) ions at pH 4-5 (Berber- Mendoza et al. 2006; Abo-Farha et al. 2009; Fu and Wang 2011) . Compared with these conventional ion-exchange resins, the binding capacities of P. pseudoalcaligenes cells for the studied metals are high enough for use in the removal of heavy metals from solution. The affinity of P. pseudoalcaligenes cells for Pb(II) is higher than that for Cu(II).
The results of Cu(II) and Pb(II) batch biosorption as a function of pH values are shown in Figure 5 . A similar sorption behaviour by P. pseudoalcaligenes is observed for both Cu(II) and Pb(II) ions. The high extent of metals bound onto the bacteria shows the strong bacterial concentration and solution pH dependence, indicating that the metal sorption percentage increases with increasing pH and bacteria concentration. The pH dependence of metal uptake is largely related to the functional groups included on the cell wall and also to the metal chemistry in solution. Although there are different types of possible metal-hydrolyzed species with various affinities to the functional groups, the dependence of metal sorption on pH is unlikely attributed to the metal speciation because free metal ions are major forms below pH 5.0. Therefore, the metal biosorption totally depends on the protonation or deprotonation of the functional groups on cell walls. At low pH values, the concentration of proton far exceeds that of metal ions; the bacteria surface sites are likely to be fully protonated, leading to the lower sorption percentage of metal ions. As pH increases, the surface sites sequentially deprotonate and form the negatively charged sites, resulting in an increase in metal sorption. In the case of higher bacterial concentration, due to the availability of more surface sites for binding metal ions, the biosorption percentages of Cu(II) and Pb(II) ions by P. pseudoalcaligenes cells are larger than those with low bacterial concentration, indicating the position of pH sorption edge (the pH at metal biosorption percentage of 50%) shifting to a low pH range when the bacterial concentration increases. These results suggest that the aqueous metal ions are bound onto deprotonated surface sites of cell walls by surface complexation. Between Cu(II) and Pb(II) sorption behaviour, the Cu(II) sorption edge exhibits approximately 1 pH unit higher than that of Pb(II) at the same concentrations of electrolytes and bacterial cells, suggesting a larger amount of Pb bound onto bacterial cells. For each metal sorption system, FITEQL 2.0 with CCM was used to fit the metal sorption data and to yield site-specific stability constant (K s ) for the metal-bacteria surface complexes, utilizing the average deprotonation constants, the best fit capacitances and site concentrations that were calculated from the acid-base potentiometric titration. Similar to the acid-base reaction model of P. pseudoalcaligenes bacteria, the number of site types is constrained on one site, two sites and three sites to simulate the metal sorption data. In the model calculation, a 1:1 stoichiometry for the metal-bacteria surface complex is assumed, and the equilibrium reactions of the aqueous Cu(II) and Pb(II) ions with stability constants taken from Smith and Martell (1976) are used in these models.
The calculated stability constants of Cu(II) and Pb(II) sorption on the biomass surface for each data set are shown in Table 2 . The calculated results are not converged by the three sites-three pK s model. In all systems, the description for metal sorption using two types of functional groups, carboxyl and phosphate, provides a best fit for all the sorption experimental data with lower V(y) value of 3.8-7.5 for Cu(II) and 1.2-1.7 for Pb(II) regardless of the concentrations of electrolyte and bacterial cells; the average log stability constants for the first and the second surface complexes on P. pseudoalcaligenes cells, expressed as carboxyl-and phosphate-metal, are obtained as 5.95 and 6.94 for Cu(II), and 6.64 and 8.08 for Pb(II), respectively, suggesting that such high stabilities of surface complexes might alternate aqueous metal mobility through metal-bacterial interactions. Between both metals, Pb(II)-surface complex is more stable than Cusurface complex, which is further evidenced by higher sorption capacity of Pb(II) onto P. pseudoalcaligenes cells. These optimized stability constants are higher than literature values of metal-carboxylic and metal-phosphate adsorption [4.4 and 6.0 for Cu(II); 4.2 and 5.6 for Pb(II)] onto the surface of B. subtilis . This variation is due to the difference in the affinity of bacteria to various metals. Using the best fit modelling data (two sites model) to reproduce Cu(II) and Pb(II) sorption pH edge curves, depicted in Figure 5 (solid lines), respectively, a good agreement between model fitting and experimental data is observed. A comparison of metal sorption percentage between the best fitting model calculation and experimental data is shown in Figure 6 . In all cases, the errors are less than 5% for Cu(II) and 10% for Pb(II). Therefore, it is concluded that the surface sorption of Cu(II) and Pb(II) onto P. pseudoalcaligenes cells mainly contributes to both carboxyl and phosphate groups.
The site concentrations (H s ), surface acidity constants (K a ) and metal stabilities constants (K s ) for P. pseudoalcaligenes cells, together with those of other bacterial biomass as references, are summarized in Table 3 . The results indicate that P. pseudoalcaligenes cells, compared with other biomass have similar deprotonation properties, higher site concentrations and metal stabilities constants, suggesting a high removal efficiency of metal ions from solutions. 
CONCLUSIONS
SCM has been successfully applied to predict the sorption of proton, Cu(II) and Pb(II) onto the Gram-negative P. pseudoalcaligenes isolated from activated sludge. The deprotonation constants and site concentrations for specific functional groups on the bacterial cells, as well as the stability constants for the sorption of Cu(II) and Pb(II) ions onto the individual surface sites are obtained through the best fit model calculation. The results indicate that the effect of electrolyte concentration on these apparent constants can be negligible. By comparing other bacterial biomass, the P. pseudoalcaligenes cells exhibit a high affinity for both Cu(II) and Pb(II) by forming metal-surface complexes via strong chemical bounds with the surface functional groups, which allows the biomass as a potential alternative adsorbent material for the removal of metal ions. Therefore, the approach described in this study can provide quantitative estimates for the role of bacterial cells in the speciation, reactivity and removal of metal ions in the aquatic systems. (Fein et al. (Johnson (Ginn and (Ginn and et al. 1997, 2005; 
